Standard tensile tests of materials are usually performed on freestanding specimens. However, such requirement is difficult to implement when the materials of interest are of nanoscopic dimensions due to problems related to their handling and manipulation. In the present paper, a new device is presented for tensile testing of thin nanomaterials, which allows tests to be carried out on specimens initially deposited onto a macroscopic pre-notched substrate. On loading, however, no substrate effects are introduced, allowing the films to be freely stretched. The results obtained from a variety of thin metal or polymeric films are very promising for the further development of this technique as a standard method for nanomaterial mechanical testing.
Introduction
Nanoscale materials, like nanowires, nanotubes and nanofilms, display fascinating properties [1, 2] that can be exploited in a plethora of possible applications, including composites [3, 4] , electronic devices [5, 6] , flexible electronics [7] [8] [9] , batteries [10] and biosensors [11] .
In order to fully exploit the great potential of such new materials into the design of high-performance yet reliable devices, it is necessary to deeply understand their mechanical behavior. However, the small size of these materials makes their experimental investigation challenging, as the standardized well-assessed methodologies and equipment usually involved at the macroscale are not effective for manipulation of micro-/nano-sized components [12] .
Thus, new tools have to be developed for assessing the mechanical behavior at the nanoscale. In recent years, very useful systems for tensile testing of micro-/nano-samples have been proposed based on micro-electro-mechanical systems (MEMS) technology [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . These consist of miniaturized testing machines, with the unique advantage of being compatible with electron microscopes, which enable a realtime monitoring of the sample deformation.
However, while many of these MEMS have been successfully applied to one-dimensional specimens, like nanowires and nanotubes, as well as thin films, the tested volume of the materials is indeed extremely small and the results are not always reliable [23, 24] .
Another limitation concerning tensile tests on nanomaterials or thin films is related to the manipulation and fabrication of completely freestanding samples, requiring new and proper metrological strategies to be designed. For example, up to date, the only experimental data about the Young's modulus, fracture strength and strain of single atomic layer materials are still those derived from a couple of nanoindentation and bending tests [25, 26] , where thin sheets of material are suspended over an array of open holes and loaded with the tip of an atomic force microscope. In all these cases true uniaxial stress-strain curves cannot be obtained as the testing conditions are in essence biaxial.
In the present paper, we report a new mechanical device, which can be very promising for tensile testing of large-area thin films and can be developed even for testing 2D materials.
The tests are required to be carried out on a specimen initially deposited onto a substrate, thus addressing the issue related to availability of completely freestanding samples. A detailed description of its design and calibration methodologies are proposed in the next sections, followed by an application to microwires and thin films with known properties for validation.
Device concept
One of the main issues related to tensile testing of nanoscale thin films is concerned with the availability and manipulation of freestanding samples. Nowadays, there are well established experimental protocols, as those based on chemical vapor deposition, which allow to grow relatively large-area samples (>1 cm 2 ) on suitable substrates, like copper or nickel in the case of graphene [27, 28] . However, in order to have freestanding samples, these have to be peeled up and fixed to a testing machine through effective grips. While there are assessed transfer techniques to move a nanoscale thin film from its native substrate onto an arbitrary structure [29] , still remain difficulties into manipulation of completely freestanding sheets.
Similar issues were faced in the 1990s when films with few micrometers thickness were initially tested. For example, at that time, in order to simplify manipulation and alignment, freestanding samples were fabricated with dog-bone shape and supporting strips [30, 31] or cofabricated within the whole testing machine by lithography [32] . However, in the case of 2D materials, there are many technical issues, which limit availability of completely freestanding samples with non-rectangular shape. Thus, alternative strategies have to be followed, with some examples involving a specimen supported by non-conventional substrates, like compliant substrates or water films [33, 34] . However, in the first case, careful data processing is required in order to isolate the substrate influence, which is believed to increase as the sample thickness decreases. The second strategy, which proposes samples supported by a water film, is only valid when samples are not reactive with the supporting liquid and van der Waals forces, used for gripping to the loading frame, are sufficient to avoid sliding (i.e., in the case of ultra-strong materials other gripping mechanisms could be necessary).
In the design of our system, we were able to combine all the advantages guaranteed by deposited samples (i.e., ease of deposition and manipulation) to the availability at the end of a freestanding sample, whose behavior is thus not affected by the substrate. In fact, in our case the specimen is initially deposited onto a pre-notched substrate, which is fractured in two facing blocks separated by a small gap in between (<3 μm). This narrow fracture gap ensures the specimen is not bent. Each side of the substrate is glued to either an actuator, in order to apply load/displacement, or a sensor, which has the task to measure the load/displacement delivered to the sample (figure 1).
In our experiments, the sample supporting frame was made of silicon, since this is provided with crystalline planes, where fracture, once initiated, proceeds in a very sharp mode, providing two facing plates with a very small and well defined gap in between, as required by our design.
Then, as soon as the actuator is activated, the Si block attached to it moves apart from the other, thus stretching the sample. This in turn transfers part of the delivered displacement to the sensor.
Because of its macroscopic size, the stage is relatively easy to manipulate and can accommodate large-area samples with characteristic length in the order of 100 μm-1 mm. Furthermore, the system is compatible with observation under Figure 1 . (a) Design of the device for tensile testing of nanoscale thin films, consisting of a thermal actuator, a flexible structure with load sensing function (i.e., sensor), and two faced Si blocks supporting the sample to be tested (not scaled). While testing (b), the actuator is covered with a copper shield to guarantee homogeneous heat distribution over the actuating beam. The actuating beam is glued to one Si block separated by a few micrometer gap from another Si block, which is attached to the sensor, as shown in the zoomed view (c). The metallic clips spanning over the Si blocks are used for alignment purposes, and they are removed during sample preparation, thus before starting the test. optical microscope, which guarantees tests to be followed in real-time.
Device design and calibration
The device developed herein is purely mechanical, i.e., it does not require any complex electronics to operate. In fact, the actuator is based on a thermal working principle, consisting of a poly(vinyl chloride) (PVC) beam, which deforms as a consequence of temperature increase. In particular, after the sample is positioned on the device stage and its substrate is broken in two facing blocks according to a procedure explained later in more details, the actuator is heated by light bulbs. As a consequence, it deforms in the direction opposite to the sample. Then, heating is turned off and the actuator end, that was free to expand up to that time, is fixed through a glue drop. Thus, the actuator starts to contract, pulling the sample.
The sensor is a flexible structure, which behaves as a spring connected in series to the sample. As the specimen is pulled by the actuator, the sensor undergoes a displacement proportional to the force on the specimen. Thus, the sensor deformation can be derived from processing a series of images taken during the test through an optical microscope, and this can be multiplied by the sensor spring constant, in order to obtain the corresponding load.
From a fabrication point of view, the actuator requires a material characterized by high thermal expansion coefficient and lightweight properties, since it consists of a long freestanding beam, which should not bend significantly under its own weight. From the sensor point of view, a lightweight material is required, as well, but in addition it should be provided with medium-low mechanical properties, in order to design a spring with sufficiently low stiffness and macroscopic size, thus guaranteeing high load resolution and ease of manipulation.
All these requirements were successfully addressed with the choice of PVC as structural material, whose main mechanical and physical properties are collected in table 1. Films with 1 mm thickness were then considered for the design of both the sensing and actuating parts.
The design of the actuating beam was performed on the base of two main considerations. First, this has to be able to deliver high displacements (in the order of 100 μm) at a relatively low temperature increase (∼10°C) in order to avoid a significant temperature increase also in the sample, which in turn can affect its mechanical behavior. Second, the actuator should have a sufficiently higher stiffness than that of the sample in order for its displacement not to be affected when a specimen is mounted. The displacement produced by thermal expansion of the actuating beam in its nearly free condition can be computed as:
where α is the PVC thermal expansion coefficient (table 1) , ΔT is the desired temperature increase, and l 0 is the initial beam length. According to equation (1), an initial length of 15 cm can accommodate elongation bigger than 100 μm at ΔT=10°C. During our experiments, the actuator is typically heated for less than 3 min, which result in a temperature increase at the sample location not exceeding 3°C. In order to provide sufficient stiffness (>200 kN m −1 ), the actuator beam was designed with 5 mm width.
The sensor C-shaped geometry was borrowed from typical spring configurations used in MEMS-based devices. Its stiffness can be computed as the flexural stiffness of a beam clamped at one end and guided at the other end:
where k is the stiffness of one branch (i.e., beam), E is the PVC Young's modulus (table 1), b and l are the width and the length of each beam, respectively, and t is the thickness (t=1 mm). We chose l=26 mm, b=4 mm, thus providing k=10 900 N m −1 . After fabrication, the sensor was calibrated by hanging weights of known mass. As in [35] , the sensor was fixed vertically to the base of an optical microscope, in order to monitor the deflection caused by application of mass samples hang through a hook (figure 2). To simplify the measurement, such deflection was evaluated as the displacement of a microwire attached to the sensor with respect to a reference microwire, kept fixed during the test. As expected, a linear relationship resulted between force and displacement, with the calibration constant being 7500±120 N m , which is the value obtained by numerical simulation of the sensor. The latter was carried out with the structural mechanics module of the finite element solver Comsol Multiphysics. The difference between the result provided by equation (2) and the experimental/numerical value is due to the nature of PVC, which is too soft to reproduce the ideal constraints for analytical model (2) to be valid.
The calibration test was repeated three times with good repeatability within the force range 0-0.1 N, that is the interval expected to be spanned during tests on samples.
Results and discussion
Even if the device was designed for testing nanoscale thin films, it is versatile and can be effectively applied to specimens with different geometry, such as 1D and 2D micro-/nano-structures, too. Thus, in order to demonstrate the validity of the present design and its suitability to test specimens with both 1D and 2D geometry, aluminum microwires and aluminum nanofilms were tested. The validity of the obtained results, in terms of mechanical properties of the tested specimens, was then assessed through comparison with reference values derived from tests ) 1400 performed on the same specimens through a commercial nanotensile testing machine (Agilent T150 UTM). Finally, the device was applied for testing poly(methyl methacrylate) (PMMA) films with about 100 nm thickness. Before proceeding with the mechanical test and once the Si substrate with the specimen on top is glued to both the actuator and the load sensor, a sharp tip engraves the Si substrate in order to cause the onset of a fracture line running parallel to its groove on the back. In order to avoid any undesirable movement, which could cause damage to the specimen, the Si substrate is kept firmly in place by a mechanical clamp that presses it against a fixed surface ( figure 3) . The effectiveness of the mechanical clamp is confirmed by the tiny width of the fracture line (that is limited to few micrometers) and the absence of defects induced in specimens during the substrate fracture. After fracture, the clamp is released and the actuator is activated as described above in order to perform the tensile test with real-time observation under an optical microscope.
Such preliminary steps, including the substrate fracture and fixture to the loading and sensing structures, have to be repeated each time a new specimen has to be tested. Figure 4 reports the stress-strain curve of an aluminum microwire with a diameter of 18 μm, which was tested in quasi-static conditions at a strain rate of 1.6×10 −4 s −1 . For strain calculation, the initial length was chosen equal to the distance between the glue drops anchoring the specimen to the substrate before this was fractured. The curve is very detailed, being the result of more than 130 data points and captures significant features as localized load drop events in the plastic regime. With reference to the mechanical properties, the Young's modulus resulted to be 39±2 GPa, the fracture strength equal to 233±7 MPa and the fracture strain equal to 4.8±0.3%. Such values are in good agreement with (a) In order to fracture the pre-notched Si substrate and avoid undesirable movements that could induce damage to the specimen positioned on top (and aligned with the Si notch on the back), the Si substrate is pressed by a punch against a fixed surface. At this stage, the actuator and the sensor (not shown in the picture) are already connected to the Si substrate. With the help of a sharp tip, fracture initiates from the pre-notch and propagates, releasing the central part of the specimen (b). Then, the punch moves upwards, releasing the full testing system, which finally moves under the objective of an optical microscope. those derived from a tensile test carried out on the same specimen with the commercial nanotensile testing machine, which provided reference values of Young's modulus of 45 GPa, a fracture strength of 249 MPa and a fracture strain of 3.5%. Figure 5 (a) reports an example stress-strain curve of an aluminum film with 800 nm thickness, about 750 μm length and 1200 μm width, which was tested at a strain rate of 4.4×10
. Also in this case, many data points (about 120) were recorded. With respect to the aluminum microwire, a comparable strength was achieved (257±2 MPa) but at a significantly smaller strain (∼0.14±0.03%). However, given their different geometry and application field (our tested microwires are commercial components used for wire bonding applications while nanofilms are commercial light filters), we expect that microwires and nanofilms were produced by a different manufacturing process that could have provided Al with a different microstructure (i.e., grain size and grain boundary phases). Indeed, it is well known that variations in the fabrication process parameters can have a significant influence on Al and Al alloys mechanical properties [36, 37] . In order to have some reference values for a comparison, we then conducted tests on similar films with the commercial nanotensile tester ( figure 5(a) ). However, this requires specimens to have a macroscopic size (about 2×10 mm 2 ), which is challenging to cut without introducing defects. A specimen with 2.5 mm width and 11 mm resulted into a fracture strain of 0.5% and a strength of 23 MPa, which is one order of magnitude smaller. However, in the case of our device, the sample had a smaller extension, causing also a smaller defects distribution. As a matter of fact, a test on a specimen with the biggest size compatible with our device, provided a strength of about 50 MPa. Thus, the difference between the results obtained with our device and the nanotensile tester can be evidence of defects induced during sample preparation in the latter case. Finally, the device was successfully applied for the mechanical characterization of PMMA nanofilms. In this case, given the small thickness of the specimen, a slight modification was introduced to the system in order to avoid any substrate effects. In fact, while in the previous cases, there was a thin air cushion between the specimen and the substrate, the strong adhesion of PMMA to Si prevents the possibility to break the substrate without damaging the PMMA film, too. Thus, a substrate with an additional prenotch on top was used in order to provide a localized freestanding sample region. Furthermore, given the true nanoscale thickness of this film compared to previous material samples, we expect smaller forces to be involved, which suggest to improve the load sensing resolution of our device through the implementation of a new load sensor. Compared to the previous design, the new load sensor has longer (35 mm) and thinner (2.5 mm) branches, which provide it with a stiffness of 831 N m −1 (evaluated experimentally as described in section 3). Figure 6 reports a stress-strain curve (a) of a PMMA film with 100 nm thickness, 2.8 mm width and 123 μm gage length and a couple of optical images of the same sample before and after the tensile test (figures 6(b) and (c)). Again, from the stress-strain curve we can derive the strength, the strain at break and the Young's modulus of the sample, that resulted to be 21 MPa, 18.8% and ∼2.4 GPa, respectively. Such values are comparable yet lower than those reported for commercial PMMA particularly regarding the tensile strength values (tensile strength of 40-80 MPa, strain at break of 5%-40% and Young's modulus of 1.8-3.3 GPa). However, the data provided by commercial manufacturers refer to bulk properties, which can be significantly different from nanoscale properties as a consequence for example of a completely different fabrication process. Given the role played by PMMA in several industrial applications, including biomedical devices, the investigation of its nanoscale mechanical properties will be the object of a future study.
Concluding remarks
The design and characteristics of the device reported here enable the effective tensile testing of nanomaterial samples. First of all, specimens are initially deposited on two facing blocks separated by a small gap in between, which were obtained in the present configuration from a pre-notched silicon substrate, without the need of completely freestanding samples. Moreover, the system has a macroscopic size, which offers the possibility to work on large-area samples, and does not require any complex electronics, which simplifies significantly its operation protocol. In fact, tests can be performed in air under an optical microscope, with the further advantage to have direct and easy access to the sample, which in turn offers the possibility to perform more than purely mechanical tests. On the other side, operation under high resolution microscopes would allow to capture nanoscale phenomena as fine dislocation and void nucleations. Direct comparison with the results obtained with a nanotensile test on 1D microwires has confirmed the efficiency of the device, whereas that on thin films suggests the limit of conventional tensile testing machines for nanoscale thin films. A wide variety of materials can be tested with our device, including both metals and polymers, micro and nanoscale specimens. Indeed, our device is versatile and can be efficiently customized according to the sample of interest. For example, in the case of true nanoscale films, such as our tested PMMA nanofilms, the load sensor geometry was slightly modified in order to provide enhanced load measurement resolution. Similarly, also the thermal actuator could be in principle modified or replaced by another actuating system, such as a piezoelectric actuator, to have real-time precise and fast displacement control, which would be especially desirable for dynamic tests involving high strain rates or cyclic loads. Application of the present device to single atomic layer material samples will be the aim of future investigations (see patent [38] ). Figure 6 . (a) Stress-strain curve of a 100 nm thick PMMA film tested with the present device. Optical microscope pictures of the tested specimen before (b) and after (c) the tensile test. The specimen was freestanding over a window of about 120 μm width corresponding to a groove in the Si substrate (central dark area in the pictures). Scale bar: 100 μm.
Methods

Sample preparation
Two kinds of aluminum samples, with a microwire shape, a diameter of 18 μm and gage length of ∼500-800 μm and microfilms with a thickness of 800 nm, width ∼1 mm and gage length ∼500-800 μm, were prepared for testing according to the following procedure.
The sample, either the microwire or thin film, was first deposited onto a 625 μm-thick silicon substrate provided with a pre-notch (∼300 μm deep) on the back. For the experiments reported in the present paper, we used a common commercial adhesive to fix the sample to the substrate at both sides.
In the case of PMMA, a film with about 3×10 mm 2 area and 100 nm thickness was transferred onto a Si substrate that was provided with a pre-notch on both the top and bottom side. The presence of a the pre-notch just below the nanofilm guarantees complete decoupling between the sample and the substrate over a gage length of about 125 μm, which could be difficult to provide otherwise. No glue was necessary in this case, as the Van deer Waals forces with Si resulted to securely clamp the sample to the substrate up to its failure.
